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Introduction {#sec1}
============

During neurodevelopment, an axon in search of its appropriate target relies on the navigational activity of its distal end called the growth cone, which senses molecular guidance cues in the immediate environment and makes path-finding decisions at choice points. These guidance cues can be presented as a shallow gradient among a noisy background, with spatial and temporal variations in cue concentrations. Consequently, the growth cone needs to not only amplify guidance signals but also adjust its sensitivity as it migrates through different segments along the chemical gradient. One important challenge for understanding axon guidance is to decipher whether and how intracellular second messengers, critical components mediating signal amplification and growth cone polarization for turning, can also control its sensitivity to guidance signals.

Both attractive and repulsive cues instruct growth cone turning through, in most cases, asymmetric Ca^2+^ elevations with higher Ca^2+^ concentrations on the side of the growth cone facing the source of the cues (reviewed in [@bib14]). Whether the growth cone turns toward the higher Ca^2+^ side (attraction) or the lower Ca^2+^ side (repulsion) depends, in principle, on the source of Ca^2+^ signals: Ca^2+^ release from the ER triggers attraction, whereas Ca^2+^ influx through plasma membrane channels induces repulsion (reviewed in [@bib39]). Inositol 1,4,5-trisphosphate (IP~3~) is one important second messenger produced from membrane phospholipids and, upon binding to tetrameric IP~3~ receptors (IP~3~Rs) on the ER, can elicit Ca^2+^ release from the ER into the cytosol (reviewed in [@bib22]). This process is commonly termed IP~3~-induced Ca^2+^ release (IICR).

In the skin, nerve growth factor (NGF) produced by epidermal keratinocytes ([@bib6]) participates in target field innervation by sensory neurons ([@bib3], [@bib30]). Also, *in vitro* studies demonstrated that NGF acts as an attractive axon guidance cue through binding to tropomyosin receptor kinase A (TrkA) receptor and activating phospholipase C, an enzyme that catalyzes the hydrolytic conversion of membrane phospholipids into diacylglycerol and IP~3~ ([@bib11], [@bib23]). Our subsequent work showed that, in a growth cone migrating in an extracellular NGF gradient, phospholipase-C-dependent production of IP~3~ and ensuing IICR occurs on the side of the growth cone facing higher NGF concentrations ([@bib2]) and that this asymmetric IICR causes polarized membrane dynamics leading to attractive axon turning toward NGF ([@bib1]). In this way, IP~3~-induced asymmetric Ca^2+^ signals across the growth cone mediate attractive guidance responses to physiological cues such as NGF.

Although a growth cone can adjust its sensitivity to a wide range of guidance cue concentrations via multiple mechanisms such as receptor internalization and turnover (reviewed in [@bib12], [@bib24], [@bib31]), a potential role for second messenger signaling in this adjustment process remains to be determined. In the current study, we investigate NGF-dependent axon guidance using mice lacking each of the three IP~3~R subunits identified in mammals---type 1 ([@bib10]), type 2 ([@bib37]), and type 3 ([@bib5]), abbreviated respectively as IP~3~R1, IP~3~R2, and IP~3~R3. These subunits can form a homo- or heterotetrameric IP~3~R that acts as a functional Ca^2+^ channel upon IP~3~ binding to each subunit ([@bib20], [@bib26], [@bib29], [@bib45]). Navigational behavior of dorsal root ganglion (DRG) neurons derived from IP~3~R1 knockout (R1KO) and IP~3~R2 knockout (R2KO) mice are indistinguishable from that of wild-type (WT) neurons. However, DRG neuronal growth cones of IP~3~R3 knockout (R3KO) mice cannot respond properly to normal concentration ranges of NGF *in vitro* and in the skin *in vivo*, most likely because they are hypersensitive to IP~3~ and therefore exhibit global Ca^2+^ elevations in response to NGF gradients. These data raise the possibility that growth cones could adjust their sensitivity at the IP~3~R level such that they continue to produce polarized signals even in the presence of local variations in guidance cue concentrations.

Results {#sec2}
=======

Subtype-Specific IP~3~R Involvement in Growth Cone Turning Responses {#sec2.1}
--------------------------------------------------------------------

Although it is known that asymmetric IICR across the growth cone plays a crucial role in axon guidance mediated by extracellular cues such as NGF, which one(s) of the three mammalian IP~3~R subtypes participates in this process remains unclear. We employed focal laser-induced photolysis (FLIP) of caged IP~3~ to generate spatially localized IP~3~ signals in growth cones derived from IP~3~R-subtype-specific knockout mice. For loading, DRG neurons were incubated with 0.5 μM solution of caged IP~3~. In our previous study using chicken neurons ([@bib2]), FLIP of caged IP~3~ resulted in a sustained increase in IP~3~ and its consequent Ca^2+^ elevation on the side of the growth cone receiving laser irradiation ("near side"). These asymmetric signals caused growth cone attractive turning toward higher IP~3~ and Ca^2+^.

In the current experiments, DRG growth cones from WT mice also turned attractively toward higher IP~3~, whereas control growth cones that had not been loaded with caged IP~3~ showed no detectable turning after laser irradiation ([Figures 1](#fig1){ref-type="fig"}A and 1B). As the occurrence of IICR depends on cytosolic levels of cyclic adenosine monophosphate (cAMP), chicken neurons cultured on a laminin substrate in our previous study, which caused a reduction in cAMP levels in growth cones, failed to respond to IP~3~ signals ([@bib2]). Consistently, IP~3~-induced turning of mouse neuronal growth cones was also dependent on cAMP because the cAMP antagonist Rp-cAMPS (20 μM) blocked the effect of IP~3~ uncaging ([Figure 1](#fig1){ref-type="fig"}B). Analyses of neurons derived from IP~3~R-subtype-specific knockout mice showed that R1KO or R2KO growth cones turned toward higher IP~3~ ([Figure 1](#fig1){ref-type="fig"}B). By contrast, R3KO growth cones showed no significant turning ([Figures 1](#fig1){ref-type="fig"}A and 1B), indicating that IP~3~R3 is necessary for turning responses to IP~3~ under this experimental condition.Figure 1Subtype-Specific IP~3~R Involvement in Growth Cone Turning Responses(A) Caged IP~3~ was photolyzed at the red spots to generate spatially localized IP~3~ elevations. Shown are representative growth cones of WT (upper panels) and R3KO (lower panels) neurons at the beginning (0 min) and end (30 min) of repetitive FLIP. Scale bar, 10 μm.(B) Mean turning angles of WT and IP~3~R subtype-specific knockout growth cones 30 min after the onset of repetitive FLIP, with or without ("Blank") preloading of caged IP~3~. The rightmost bar indicates data from WT growth cones in the presence of bath-applied Rp-cAMPS (20 μM). Positive angles represent attractive turning toward the side with laser irradiation. Bars represent mean ± SEM, with each gray dot indicating turning angle of individual growth cones in this experiment. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001; ns, not significant; Dunnett\'s test.(C) WT and R3KO growth cones immediately before and 40 min after the onset of repetitive NGF ejection from the direction indicated by the arrows. Scale bar, 10 μm.(D and E) Average turning angles of WT and IP~3~R subtype-specific knockout growth cones 40 min after the start of repetitive ejection of NGF (D) or MAG (E). Bars represent mean ± SEM, with each gray dot indicating turning angle of individual growth cones in this experiment. ∗∗∗p \< 0.001; ns, not significant; Dunnett\'s test (D) or Student\'s *t* test (E).See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

We next tested whether an extracellular NGF gradient was attractive to DRG growth cones from WT and each of the three knockout mice. In these assays, NGF concentrations near the growth cones were approximately 0.1% of in-pipette concentration of 20 μg/mL ([@bib19]). The NGF gradient attracted WT, R1KO and R2KO growth cones, but not R3KO growth cones ([Figures 1](#fig1){ref-type="fig"}C and 1D). The migration speed of growth cones in NGF gradients was not affected by the loss of each IP~3~R subtype ([Figure S1](#mmc1){ref-type="supplementary-material"}). Because attractive turning responses of WT and R1KO growth cones may potentially be different quantitatively, we calculated Cohen\'s d between WT and R1KO to be 0.23 for IP~3~ uncaging ([Figure 1](#fig1){ref-type="fig"}B) and 0.69 for NGF gradients ([Figure 1](#fig1){ref-type="fig"}D), suggesting that the effect of R1KO is small to moderate. Nonetheless, we concluded that, at least qualitatively, R1KO growth cones are indistinguishable from WT growth cones in their responses to IP~3~ and NGF signals. As a control to show that R3KO growth cones were still able to turn, we examined the effect of myelin-associated glycoprotein (MAG) known to attract nascent axons via Ca^2+^ release from the ER through another class of Ca^2+^ channels, ryanodine receptors ([@bib15], [@bib40]). Consistent with such differences in the requirement of ion channels mediating Ca^2+^ release, MAG caused attractive turning of R3KO growth cones ([Figure 1](#fig1){ref-type="fig"}E). Therefore, the loss of IP~3~R3 rendered growth cones unresponsive to an IP~3~R-based guidance cue such as NGF.

Although IP~3~R1 and IP~3~R3 are expressed by neurons, IP~3~R2 is detectable only in glial cells in the nervous system ([@bib34], [@bib38]). Consistent with this glial-specific expression pattern of IP~3~R2, our results showed that IP~3~R2 was dispensable for IP~3~-dependent growth cone turning. Therefore, we decided to leave out R2KO mice in subsequent experiments.

Growth Cone Turning Responses Correlate with Ca^2+^ Signal Asymmetry {#sec2.2}
--------------------------------------------------------------------

To investigate a correlation between growth cone turning and intracellular signaling asymmetry, we monitored spatiotemporal dynamics of Ca^2+^ in response to localized IP~3~ signals. In WT and R1KO growth cones, IP~3~ uncaging resulted in Ca^2+^ elevations on the near side but no detectable Ca^2+^ increases on the opposite "far" side ([Figures 2](#fig2){ref-type="fig"}A--2C). Such asymmetric Ca^2+^ signals are consistent with the ability of these growth cones to turn toward the side with IP~3~ production. By contrast, R3KO growth cones showed widespread increases in Ca^2+^ spanning both the near and far sides after localized IP~3~ uncaging on the near side ([Figures 2](#fig2){ref-type="fig"}A--2C). To capture a potential timepoint when Ca^2+^ gradients could be formed in R3KO growth cones, we compared Ca^2+^ levels between the near and far sides during earlier periods after IP~3~uncaging. As shown in [Figure 2](#fig2){ref-type="fig"}D, localized IP~3~ production caused a transient asymmetry in Ca^2+^ concentrations across the R3KO growth cone at 30--60 s but could not sustain the Ca^2+^ gradient after 1 min of the onset of IP~3~ uncaging ([Figures 2](#fig2){ref-type="fig"}C and 2D), suggesting that R3KO growth cones have symmetric IICR on the timescale for axon turning processes. We also tested whether extracellular NGF gradients cause similar spatiotemporal dynamics of Ca^2+^ in growth cones, using ratiometric Oregon Green 488 BAPTA-1 (OGB-1)--Fura-red (FR) imaging as a measure of Ca^2+^ levels. NGF gradients induced Ca^2+^ elevations only on the near side of WT and R1KO growth cones but caused widespread Ca^2+^ increases on both sides of R3KO growth cones ([Figure 3](#fig3){ref-type="fig"}). These results suggest that the failure of R3KO growth cones to turn toward NGF-induced IP~3~ signals may be due to symmetric Ca^2+^ elevations, a distribution pattern that is unlikely to act as a polarizing signal.Figure 2Spatiotemporal Dynamics of Ca^2+^ in Growth Cones Responding to Localized IP~3~ Signals(A) Pseudo-color Ca^2+^ images in WT, R1KO, and R3KO growth cones 0.5 min before and 1.5 min after the onset of repetitive FLIP of caged IP~3~. The red crosshairs represent the sites of laser irradiation. Relative changes in Fluo-8H fluorescence (*F*/*F*~base~, defined as *F′*) were used as a measure of cytosolic Ca^2+^ levels. The near side ROI (red) was defined as a circular region whose center corresponded to the site of laser irradiation and whose diameter equaled to one-third of the width of each growth cone. The far side ROI (blue) was defined as a circular region of the same diameter that was placed on the center of the far-side half of each growth cone. Scale bar, 5 μm.(B) Time course changes in *F′* in the near (red line) and far (blue line) ROIs positioned on WT (dotted line), R1KO (finely dotted line), and R3KO (solid line) growth cones. Data are represented as mean ± SEM.(C and D) The mean amplitude of *F′* during 90--120 s (C) and earlier periods (D) after the onset of repetitive FLIP shown in (B). Data on WT, R1KO, and R3KO neurons were included in (C), and data on only R3KO neurons in (D). Each gray line connecting two dots represents data from the near and far ROIs of a single growth cone, and each colored bar represents the mean. ∗p \< 0.05; ∗∗p \< 0.01; ns, not significant; paired *t* test.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.Figure 3Spatiotemporal Dynamics of Ca^2+^ in Growth Cones Responding to NGF Gradients(A) Pseudo-color Ca^2+^ images in WT, R1KO, and R3KO growth cones 1 min before and 3.5 min after the onset of repetitive NGF ejection from the direction indicated by the white arrows. The growth cones were preloaded with a ratiometric pair of calcium indicators, OGB-1 and FR, and the OGB-1/FR emission ratio (*F*~OGB-1~/*F*~FR~, defined as *R*) was determined. Shown are relative changes in *R* (*R*/*R*~base~, defined as *R′*) used as a measure of cytosolic Ca^2+^ levels. The near (red) and far (blue) ROIs were defined as described in [Figure 2](#fig2){ref-type="fig"}. Scale bar, 5 μm.(B) Time course changes in *R′* in the near (red line) and far (blue line) ROIs positioned on WT (dotted line), R1KO (finely dotted line), and R3KO (solid line) growth cones. Data from the first minute after the start of NGF ejection were excluded because of a lack of stable NGF gradients. Data are represented as mean ± SEM.(C) The mean amplitude of *R′* over the last 1 min of repetitive NGF ejection shown in (B). Each gray line connecting two dots represents data from the near and far ROIs of a single growth cone, and each colored bar represents the mean. ∗p \< 0.05; ∗∗∗p \< 0.001; ns, not significant; Wilcoxon matched pairs signed rank test.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

One possible explanation for the lack of Ca^2+^ signal asymmetry in R3KO growth cones is widespread distribution of IP~3~ due to faster diffusion or slower degradation of IP~3~. To test for this possibility, we monitored spatiotemporal dynamics of IP~3~ that had been photo-released from caged IP~3~, using the IP~3~ sensor IRIS-2.3 ([@bib21]). This sensor contains enhanced green fluorescent protein (EGFP) and HaloTag- tetramethylrhodamine (TMR), and the efficiency of fluorescence resonance energy transfer (FRET) from EGFP to TMR decreases upon IP~3~ binding to IRIS-2.3. Therefore, we calculated the inverse FRET ratio in IRIS-2.3, i.e., the ratio of EGFP emission compared with TMR emission (*F*~EGFP~/*F*~TMR~) as a measure of IP~3~ levels. In both WT and R3KO neurons, IP~3~uncaging on one side of the growth cone resulted in asymmetric increases in IP~3~, with IP~3~ levels on the near side being significantly higher than those on the far side ([Figures 4](#fig4){ref-type="fig"}A--4C). Similarly, NGF gradients induced IP~3~ elevations only on the near sides of both WT and R3KO growth cones ([Figures 4](#fig4){ref-type="fig"}D--4F). These data indicate that spatiotemporal dynamics of IP~3~ is indistinguishable between WT and R3KO growth cones and that the lack of Ca^2+^ signal asymmetry in R3KO growth cones is not attributable to altered IP~3~ dynamics.Figure 4Spatiotemporal Dynamics of IP~3~ in Growth Cones Responding to Localized IP~3~ Signals or NGF Gradients(A) Pseudo-color IP~3~ images in WT and R3KO growth cones 0.5 min before and 1 min after the onset of repetitive FLIP of caged IP~3~. Each growth cone was transfected with the FRET-based IP~3~ sensor IRIS-2.3 containing EGFP and HaloTag-TMR, and the ratio of EGFP emission compared with TMR emission (*F*~EGFP~/*F*~TMR~, defined as *R*~FRET~) was determined. Shown are relative changes in *R*~FRET~ (*R*~FRET~/*R*~FRET-base~, defined as *R′*) used as a measure of IP~3~ levels. The red crosshair indicates the site of laser irradiation. The near (red) and far (blue) ROIs were defined as described in [Figure 2](#fig2){ref-type="fig"}. Scale bar, 5 μm.(B) Time course changes in *R′* in the near (red line) and far (blue line) ROIs positioned on WT (dotted line) and R3KO (solid line) growth cones.(C) The mean amplitude of *R*′ over the last 30 s of repetitive FLIP shown in (B). ∗∗p \< 0.01; ∗∗∗p \< 0.001, Wilcoxon matched pairs signed rank test.(D) Pseudo-color IP~3~ images in WT and R3KO growth cones 0.5 min before and 2.5 min after the onset of repetitive NGF ejection from the direction indicated by the white arrows. Scale bar, 5 μm.(E) Time course changes in *R′* in the near (red line) and far (blue line) ROIs positioned on WT (dotted line) and R3KO (solid line) growth cones.(F) The mean amplitude of *R′* over the last 1 min of repetitive NGF ejection. ∗p \< 0.05; paired *t* test.In (B and E), data are represented as mean ± SEM. In (C and F), each gray line connecting two dots represents data from the near and far ROIs of a single growth cone, and each colored bar represents the mean.

Another possible explanation for the lack of Ca^2+^ signal asymmetry in R3KO growth cones is increased expression of NGF downstream signaling components such as TrkA and IP~3~R1, in which the far side of R3KO growth cones could respond to lower concentrations of NGF. However, these possibilities are unlikely because we could not detect any substantial increase in the amount of TrkA and IP~3~R1 expressed in DRGs of R3KO mice ([Figure S2](#mmc1){ref-type="supplementary-material"}).

R3KO Growth Cones Are Hypersensitive to IP~3~-Based Guidance Signals {#sec2.3}
--------------------------------------------------------------------

In R3KO growth cones, symmetric Ca^2+^ elevations in spite of asymmetric IP~3~ signals suggest the presence of hypersensitive IP~3~Rs that can be maximally activated by physiological IP~3~ signals, such as those in the growth cone near side, and also generate substantial Ca^2+^ release in response to low levels of IP~3~, such as those in the growth cone far side. To test for this hypothesis, we monitored Ca^2+^ responses to low-amplitude IP~3~ signals generated by FLIP of a smaller amount of caged IP~3~, i.e., 0.1 μM in contrast to 0.5 μM in previous experiments ([Figures 1](#fig1){ref-type="fig"}A, 1B, and [2](#fig2){ref-type="fig"}). These low-amplitude IP~3~ signals attracted R3KO growth cones but had no detectable effect on directional preference of WT growth cones ([Figure 5](#fig5){ref-type="fig"}A). Consistent with these turning responses, R3KO growth cones exhibited asymmetric Ca^2+^ elevations with higher Ca^2+^ on the side with IP~3~ uncaging, whereas WT growth cones showed no detectable Ca^2+^ increases presumably because the amplitude of IP~3~ signals were below the threshold for IICR ([Figures 5](#fig5){ref-type="fig"}B and 5C).Figure 5R3KO Growth Cones Are Hypersensitive to IP~3~-Based Guidance SignalsShown are growth cone responses to lower doses of IP~3~ (A--C) and NGF (D--F).(A) Average turning angles of WT and R3KO growth cones 30 min after the onset of repetitive FLIP of a smaller amount of caged IP~3~ (0.1 μM in contrast to 0.5 μM in [Figure 1](#fig1){ref-type="fig"}B). ∗p \< 0.05; student\'s *t* test.(B) Time course changes in *F′*, calculated as *F*/*F*~base~ of Fluo-8H fluorescence, in the near (red line) and far (blue line) ROIs positioned on WT (dotted line) and R3KO (solid line) growth cones in response to repetitive FLIP of a smaller amount of caged IP~3~ (0.1 μM in contrast to 0.5 μM in [Figure 2](#fig2){ref-type="fig"}B).(C) The mean amplitude of *F′* over the last 30 s of repetitive FLIP shown in (B). ∗∗∗p \< 0.001; ns, not significant; paired *t* test.(D) Average turning angles of WT and R3KO growth cones 40 min after the start of repetitive ejection of NGF. In-pipette concentration of NGF was 0.4 μg/mL in contrast to 20 μg/mL in [Figure 1](#fig1){ref-type="fig"}D. ∗p \< 0.05; student\'s *t* test.(E) Time course changes in *R′*, calculated as *R*/*R*~base~ of a ratiometric pair of OGB-1 and FR, in the near (red line) and far (blue line) ROIs positioned on WT (dotted line) and R3KO (solid line) growth cones in response to NGF gradients. In-pipette concentration of NGF was 0.4 μg/mL NGF in contrast to 20 μg/mL in [Figure 3](#fig3){ref-type="fig"}B.(F) The mean amplitude of *R*′ over the last 1 min of repetitive NGF ejection shown in (E). ∗∗p \< 0.01; ns, not significant; Wilcoxon matched pairs signed rank test. In (A and D), bars represent mean ± SEM, with each gray dot indicating turning angle of individual growth cones in this experiment.In (B and E), data are represented as mean ± SEM. In (C and F), each gray line connecting two dots represents data from the near and far ROIs of a single growth cone, and each colored bar represents the mean.

We also examined the effect of lower-concentration NGF gradients, i.e., 0.4 μg/mL NGF in pipette in contrast to 20 μg/mL in previous experiments ([Figures 1](#fig1){ref-type="fig"}C, 1D, and [3](#fig3){ref-type="fig"}). These NGF gradients induced neither Ca^2+^ elevations nor turning responses in WT growth cones but caused asymmetric Ca^2+^ signals and attractive turning responses in R3KO growth cones ([Figures 5](#fig5){ref-type="fig"}D--5F). These data support our notion that R3KO growth cones are hypersensitive to IP~3~-based guidance cues such as NGF.

To determine growth cone sensitivity more comprehensively, we analyzed the effect of other NGF concentrations on axon turning responses using WT- and IP~3~R-subtype-specific knockout neurons. Dose-response curves were generated by plotting axon turning angles against log-scale NGF concentrations in micropipette ([Figure 6](#fig6){ref-type="fig"}). WT and R1KO growth cones were responsive to similar concentration ranges of NGF, but the curve for R3KO growth cones shifted to lower concentration ranges of NGF. Collectively, our results suggest that growth cones can respond to different concentration ranges of IP~3~-based guidance cues depending on whether IP~3~R3 participates in the generation of IICR.Figure 6Optimal Concentration Ranges of NGF for Growth Cone Attractive ResponsesTurning angles of WT, R1KO, and R3KO growth cones were determined 40 min after the start of repetitive ejection of various concentrations of NGF. Dose-response curves were generated by plotting the average angles against the log-scale of NGF concentration in the pipette. Data points in gray boxes are the same as those presented in [Figures 1](#fig1){ref-type="fig"}D and [5](#fig5){ref-type="fig"}D. The number of growth cones assayed for each concentration was 11--22. Data are represented as mean ± SEM.

If R3KO axons are hypersensitive, partial inhibition of a remaining IP~3~R subtype in these axons, IP~3~R1, should restore their sensitivity to NGF into normal ranges. It is known that cAMP-dependent phosphorylation of IP~3~R1 is necessary for IICR ([@bib27]) and that the cAMP antagonist Rp-cAMPS blocks axonal responses to IP~3~-mediated guidance signals such as NGF ([@bib2]). Therefore, instead of a commonly used Rp-cAMPS concentration of 20 μM, we treated R3KO neurons with 0.4 μM Rp-cAMPS that corresponded to 5% of a reported Ki of 8 μM ([@bib42]). Such mild treatment caused R3KO axons to recover attractive turning responses to a normal concentration range of NGF (20 μg/mL in pipette): turning angle (mean ± SEM) = 1.7° ± 3.0° (19 untreated axons) versus 10.5° ± 2.7° (19 Rp-cAMPS-treated axons), p \< 0.05; student\'s *t* test. These data further support our notion that IP~3~R sensitivity, which can be regulated by cAMP-dependent phosphorylation, is an important determinant of optimal concentration ranges of NGF for axon guidance.

NGF Downregulation Restores R3KO Axon Trajectory in the Skin {#sec2.4}
------------------------------------------------------------

To validate *in vivo* physiological significance of our findings, we compared projection patterns of NGF-responsive TrkA-expressing sensory axons in the hindpaw skin of WT versus R3KO mice. Sensory axons in the hindpaw skin is one of the most well-studied models, and axon projection patterns are relatively easy to quantify ([@bib30], [@bib44]). We analyzed four pairs of WT/R3KO littermates from IP~3~R3 heterozygous-heterozygous mating. The border between epidermis and dermis was evident because the epidermis except for its basal layer, but not the dermis, is immunopositive for NGF ([@bib6]). We observed that TrkA-positive axons in the epidermis of WT and R3KO mice had different morphologies: WT axons were straighter and well organized (relatively evenly spaced), whereas R3KO axons were undulating and appeared to follow meandering paths ([Figure 7](#fig7){ref-type="fig"}A). Such abnormal trajectories of R3KO axons in the skin were also observed in cleared whole-mount tissues where TrkA-positive axons were three-dimensionally reconstructed ([Videos S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). To quantify axon morphological characteristics on skin sections, we employed a "curviness index" of each TrkA-positive axon in the NGF-positive epidermis (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). The curviness index of 1 indicates the completely straight axon trajectory, whereas larger values represent more curly axons. As shown in [Figures 7](#fig7){ref-type="fig"}B and 7C, R3KO axons had significantly larger curviness index than WT axons, confirming our observation that R3KO axons have abnormal trajectories in the skin.Figure 7Trajectory of TrkA-Positive Axons in the Skin Epidermis(A) Sagittal tissue sections of the hindpaw plantar surface from WT and R3KO animals. The sections were immunostained for NGF and TrkA. The superimposed images show NGF in green and TrkA in magenta. Scale bar, 50 μm.(B) Trajectory of TrkA-positive axons was represented as "curviness index"---the length of each entire axon segment within the NGF-positive area divided by the straight-line distance between the two ends of that segment. Four pairs of WT and R3KO littermates were analyzed. The indexes of TrkA axons were averaged in each animal and compared between R3KO and its WT littermate. ∗p \< 0.05; paired *t* test.(C) The curviness indexes of all axons from the four pairs of animals analyzed in (B) were pooled and presented as scatterplots. Each dot corresponds to a single axon segment (n = 397 for WT, n = 478 for R3KO).See also [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

Video S1.TrkA-Labeled Axons in WT SkinThree-dimensional animation of reconstructed trajectories of WT axons in the skin. The arrowheads indicate representative TrkA-labeled axons extending into the epidermis, i.e., in the direction of smaller scale values on the z-axis.

Video S2.TrkA-Labeled Axons in R3KO skinThree-dimensional animation of reconstructed trajectories of R3KO axons in the skin. The arrowheads indicate representative TrkA-labeled axons extending into the epidermis, i.e., in the direction of smaller scale values on the z-axis.

To test whether the observed abnormality of R3KO axons in the skin is due to their intrinsic characteristics, we cultured dissociated WT and R3KO DRG neurons *in vitro* and compared their axon morphologies. We confirmed that the lack of IP~3~R3 did not cause any innate growth defects or curliness in DRG axons ([Figure S3](#mmc1){ref-type="supplementary-material"}), excluding the possibility that the undulated morphology of R3KO axons *in vivo* is due to any intrinsic defects in directional growth. Furthermore, because skin keratinocytes from WT and R3KO mice release comparable amounts of NGF ([Figure S4](#mmc1){ref-type="supplementary-material"}A), it is unlikely that a drastic alteration in the level of epidermal NGF in R3KO mice causes TrkA axons to meander in the skin.

If the curly phenotype of R3KO axons is due to their hypersensitivity that renders growth cones irresponsive to epidermal NGF, then this phenotype should be reverted back to normal trajectory when epidermal NGF levels are lowered. To control NGF expression in the epidermis, we obtained short hairpin RNA (shRNA) against NGF and confirmed its knocking down effect using cultured primary keratinocytes ([Figure S4](#mmc1){ref-type="supplementary-material"}B). We then analyzed the morphology of TrkA axons in the epidermal area transfected with either NGF shRNA or control shRNA plasmid ([Figures 8](#fig8){ref-type="fig"}A--8C). The curviness index of R3KO axons was shifted toward 1 in the epidermal area transfected with NGF shRNA, but not with control shRNA ([Figure 8](#fig8){ref-type="fig"}D), indicating that NGF downregulation can antagonize the effect of IP~3~R3 deficiency on the trajectory of TrkA axons. By contrast, NGF downregulation did not significantly affect the trajectory of TrkA axons in WT mice ([Figure 8](#fig8){ref-type="fig"}D). These findings are consistent with our model that the lack of IP~3~R3 subunit causes DRG sensory axons to be hypersensitive to NGF and therefore unable to extend properly into the epidermis.Figure 8NGF Downregulation Restores R3KO Axon Trajectory in the Skin(A) Example of Wthindpaw epidermis transfected with control shRNA plasmid. (Left) Superimposition of EGFP (green) and TrkA (magenta). (Middle) EGFP-positive areas representing successful transfection and long-term integration of the shRNA sequence into the genome of skin epidermal cells (mostly keratinocytes). (Right) Immunofluorescence of TrkA axons in the epidermis. Scale bar, 20 μm.(B and C) Two examples of R3KO hindpaw epidermis (taken from the same animal at different locations) with EGFP fluorescence representing areas of shRNA-mediated NGF downregulation. TrkA axons contacting EGFP-positive areas are straighter (arrowheads) compared with axons in remote areas. Color images show EGFP (green) and TrkA (magenta).(D) Curviness indexes of WT (top) and R3KO (bottom) axons within ("within EGFP area") or outside ("outside EGFP area") EGFP-positive areas. EGFP delineates areas transfected with either control or NGF shRNA. Left four panels: each line representing a difference in the average curviness index between the two areas of one animal. ∗∗p \< 0.01; ns, not significant; paired *t* test. Right four panels: scatterplots in which each dot represents the curviness index of a single axon segment. The numbers in parentheses indicate the numbers of axon segments analyzed.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

We identified the IP~3~R3 subunit as a regulator of growth cone sensitivity to guidance signals *in vitro* and *in vivo* and demonstrated the correlation between IICR asymmetry and turning competency when encountering various concentration ranges of the IP~3~-based guidance cue NGF. Compared with WT growth cones that respond to "normal" concentrations of NGF, IP~3~R3 deficiency renders growth cones hypersensitive, in which the growth cones are either able to detect lower than "normal" concentrations of NGF or unable to respond to "normal" concentrations of NGF because intracellular second messenger signaling is saturated and symmetric across the growth cone axis. Our FLIP experiments using different concentrations of caged IP~3~ showed that IP~3~R3-dependent adjustment of growth cone sensitivity occurs at the level of IP~3~ detection, suggesting that functional tetrameric IP~3~Rs composed without the type 3 subunit are hypersensitive and can mediate IICR in response to low levels of IP~3~.

One prominent difference among the three IP~3~R subtypes is their affinities for IP~3~. IP~3~R3 is known to have lower affinity compared with IP~3~R1 and IP~3~R2 ([@bib18], [@bib28], [@bib46]). Because IP~3~ affinity of each IP~3~R subtype is tightly correlated with its IP~3~ sensitivity ([@bib46]), the three subtypes can be activated to different extent within certain ranges of IP~3~ concentrations in the cytosol. In other words, IP~3~R3 should be least sensitive to increases in cytosolic IP~3~ concentrations and requires relatively high levels of IP~3~ for its activation. WT neurons express IP~3~R1 and IP~3~R3 but not IP~3~R2, and it has been shown that IP~3~R1 and IP~3~R3 can form a heterotetrameric IP~3~R ([@bib25]). Based on our data and previous findings, we propose a model of how IP~3~R3 controls growth cone sensitivity to guidance signals ([Figure S5](#mmc1){ref-type="supplementary-material"}). In WT growth cones, a homo- or heterotetrameric IP~3~R comprising IP~3~R3 may be activated only where there is a substantial amount of IP~3~ such as the growth cone near side. By contrast, in R3KO growth cones that also lack the expression of glial IP~3~R2, a homotetrameric IP~3~R composed solely of the high-affinity IP~3~R1 can mediate substantial IICR even where there is a small amount of IP~3~ such as the growth cone far side ([Figure S5](#mmc1){ref-type="supplementary-material"}).

Other mechanisms have been suggested as to how growth cones can adjust their sensitivities to guidance cues, e.g., endocytosis-dependent desensitization and protein-synthesis-dependent resensitization ([@bib24], [@bib31]). These mechanisms are broadly referred to as growth cone adaptation. One group of researchers, however, has proposed an alternative but not exclusive mechanism that relies on the growth cone\'s preexisting architecture: through spatiotemporal averaging of guidance cue-receptor binding along the growth cone circumference ([@bib32], [@bib47]). This group used both *in vitro* NGF-elicited DRG axon turning and computer modeling to show that adaptation was not necessary to explain the long-term growth cone responses to gradients of guidance cues. Due to the stochastic nature of ligand-receptor binding, when NGF-receptor binding signals were pooled spatially over the growth cone circumference, and also pooled temporally, growth cones were in theory able to sense the difference in NGF concentration even in shallow gradients and respond correctly by turning.

Although we demonstrated that growth cone sensitivity can be controlled by intracellular signaling at the IP~3~R level, it remains unclear how this regulation occurs under physiological conditions. One possible mechanism is phosphorylation of IP~3~R subunits (reviewed in [@bib22], [@bib33], [@bib43]). For example, cAMP-dependent protein kinase A (PKA) phosphorylates IP~3~R3 at three known sites: serines 916, 934, and 1832, in contrast to only one for each of IP~3~R1 or IP~3~R2. Interestingly, PKA phosphorylation of IP~3~R3 can result in enhanced ([@bib7], [@bib8], [@bib46]) or decreased ([@bib13], [@bib36]) sensitivity to IP~3~, depending on cell type. In DT40 cells, PKA activation results in decreased IICR, but this regulation is not dependent on the three PKA phosphorylation sites on IP~3~R3 ([@bib35]). These findings are consistent with the hypothesis that intracellular signaling components such as PKA regulate IP~3~R3 activity via multiple mechanisms and that these mechanisms may control the overall activity of tetrameric IP~3~Rs given the particular importance of IP~3~R3 for sensitivity regulation.

In the skin, NGF is expressed and secreted by epidermal keratinocytes ([@bib6]). Although not as clear as *in vitro*, NGF may serve axon guidance functions *in vivo*. Rather than acting as a long-range guidance cue, NGF is mainly responsible for the final stages of axon path-finding and target innervation because cutaneous innervation in the hindlimb is lost in the absence of NGF-TrkA signaling ([@bib30]). Moreover, NGF can direct axon growth in transplants after injury to central and peripheral nervous systems ([@bib17], [@bib48]). In *ex utero* slice cultures of mouse embryos, ectopic NGF is able to attract spinal nerve growth to abnormal regions ([@bib41]). These findings suggest that growing axons *in vivo* can use NGF as a positional cue to reach specific regions or cells, such as TrkA axons extending into the epidermis where keratinocytes secrete NGF.

Our *in vivo* data indicated that the presence of specific IP~3~R subtype is important for the formation of normal axon trajectory during skin development. It is well documented that defective guidance during development, e.g., via eliminating the expression of particular guidance cues, causes the axons to display wavy, meandering, and disorderly paths of growth compared with the highly organized and well-defined paths of normal growth ([@bib4], [@bib9], [@bib16]). In our data, R3KO mice had curly sensory axons in the skin epidermis compared with the straighter axons in WT mice. We interpreted this phenotype as an axon guidance defect and proposed that the abnormality is due to the axons\' inability to respond properly to the level of NGF in the epidermis. Further experiments showed that downregulating NGF levels can ameliorate the defect in R3KO mice. This is most likely because lower NGF levels match the sensitivity range of hypersensitive IP~3~Rs in R3KO growth cones such that R3KO axons are guided correctly to their targets. These findings strongly support our model that, depending on the involvement of IP~3~R3, growth cones respond to different concentration ranges of IP~3~-based guidance signals.

In conclusion, we identified IP~3~R3 as an important subunit in keeping the sensitivity of functional IP~3~R within a range that matches the availability of IP~3~-based guidance cues in the environment. This IP~3~R3-based sensitivity regulation is necessary for the production of asymmetric Ca^2+^ signals in DRG growth cones exposed to different concentration ranges of NGF. Other types of axons should also navigate long distances during development through different segments along the chemical gradient of guidance cues and therefore be equipped with similar machineries for sensitivity adjustment. Future studies should address the broader verification of IP~3~R subtype-dependent regulation of growth cone sensitivity in developing and regenerating axons.

Limitations of the Study {#sec3.1}
------------------------

Although this paper showed that IP~3~R3 regulates growth cone sensitivity to IP~3~-based guidance signals such as NGF, it remains unclear how this IP~3~R3-dependent adjustment can be tuned during axonal navigation *in vivo*. Because each WT axon follows a well-organized and almost straight trajectory toward the epidermis in spite of varying expression levels of NGF ([Figures 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}), this system may be suitable for investigating mechanisms underlying IP~3~R3-dependent tuning of axon guidance *in vivo*. Further studies are needed to monitor NGF downstream signaling in individual axons such as TrkA phosphorylation and to investigate its causative relationship with regulated expression and/or activity of IP~3~R3.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1--S5
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